The Stimulator of Interferon Genes (STING) pathway initiates potent immune responses upon recognition of DNA derived from bacteria, viruses and tumors. To signal, the Cterminal tail (CTT) of STING recruits TBK1, a kinase that phosphorylates serine 365 (S365) in the CTT. Phospho-S365 acts as a docking site for IRF3, a transcription factor that is phosphorylated and activated by TBK1, leading to transcriptional induction of type I interferons (IFNs). IFNs are essential for antiviral immunity and are widely viewed as the primary output of STING signaling in mammals. However, other more evolutionarily ancestral responses, such as induction of NF-kB or autophagy, also occur downstream of STING. The relative importance of the various outputs of STING signaling during in vivo infections is unclear. Here we report that mice harboring a serine 365-to-alanine (S365A) point mutation in STING exhibit normal susceptibility to Mycobacterium tuberculosis infection but, unexpectedly, are resistant to Herpes Simplex Virus (HSV)-1, despite lacking STING-induced type I IFN responses. Likewise, we find Irf3 -/mice exhibit resistance to HSV-1. By contrast, resistance to HSV-1 is abolished in mice lacking the STING CTT or TBK1, suggesting that STING protects against HSV-1 upon TBK1 recruitment by the STING CTT, independent of IRF3 or type I IFNs. Interestingly, we find that STING-induced autophagy is a TBK1-dependent IRF3-independent process that is conserved in the STING S365A mice, and autophagy has previously been shown to be required for resistance to HSV-1. We thus propose that autophagy and perhaps other ancestral interferon-independent functions of STING are required for STING-dependent antiviral responses in vivo. Introduction 1 The immune response to pathogens is initiated upon detection of pathogen-2 associated molecular patterns (PAMPs) such as lipopolysaccharide, flagellin and nucleic 3 acids [1]. Double-stranded DNA (dsDNA) is an important PAMP for the detection of 4 many pathogens, including Mycobacterium tuberculosis and Herpes Simplex Virus-1 5 (HSV-1) [2-4]. In vertebrates, the intracellular presence of dsDNA is detected by cyclic-6 GMP-AMP Synthase (cGAS), a dsDNA-activated enzyme that produces a cyclic 7 dinucleotide (CDN) second messenger called 2′3′-cyclic-GMP-AMP (2′3′cGAMP) [5-8 10]. 2′3′cGAMP binds and activates the ER-resident transmembrane protein Stimulator 9 of Interferon Genes (STING). Transcriptional induction of type I IFNs is widely 10 presumed to be the primary output of STING signaling during antiviral defense. 11 However, STING is evolutionarily ancient, present even in bacteria [11] and in animals 12 such as the starlet sea anemone Nematostella vectensis and Drosophila melanogaster that 13 do not appear to encode type I interferons [12]. By contrast, autophagy and NF-κB 14 signaling are ancestral STING-induced signaling pathways, present in both N. vectensis 15 and D. melanogaster, raising the possibility that these pathways are the primary or 16 ancestral signaling outputs of STING [13-16]. 17 The relative in vivo importance of the various signaling outputs of STING for 18 anti-viral immunity in vertebrates is unknown. To address this issue, we used 19 CRISPR/Cas9 to generate two distinct Sting mutant mouse lines: (1) STING S365A 20 mice, which harbor a mutation in Sting that results in a serine to alanine substitution at 21 amino acid 365; and (2) STING ∆CTT mice, in which valine 340 has been substituted by 22 a STOP codon, resulting in a STING protein that lacks the entire CTT (Supp. Fig. S1a 23 4
6 mice harbor a STING protein of the expected (decreased) molecular weight. 70 Phosphorylation of TBK1-but not of STING or IRF3-occurred in S365A cells in 71 response to STING agonist, consistent with the generally accepted requirement for S365 72 phosphorylation for IRF3 binding and activation (Fig. 1c) . By contrast, no 73 phosphorylation of STING, TBK1 or IRF3 was seen in ∆CTT cells, as expected. 74 In addition to its role in IFN-induction, TBK1 has previously been shown to 75 activate autophagy via the phosphorylation of autophagy adaptor proteins such as 76 NDP52, p62 and optineurin [27] . Likewise, STING activation itself is associated with 77 autophagy-like responses [16, 19, 28, 29] . Interestingly, a recent report claimed that 78 STING-induced autophagy does not require the CTT or TBK1 [16] ; however, these 79 experiments utilized conditions that may not reflect the true in vivo requirements, such as 80 overexpressed proteins, immortalized cell lines, and/or artificial in vitro stimulations. In 81 order to investigate whether S365 or the CTT is required for endogenous STING to 82 activate autophagy-like processes, primary macrophages were transfected with 83 2′3′cGAMP and conversion of LC3-B from form I to the lipidated form II was analyzed. 84 Robust LC3-B conversion was observed in WT and S365A cells, while this response was 85 reduced in Gt and ∆CTT cells ( Fig. 1d and e, Supp. Fig. S1d ), indicating that STING-86 dependent autophagy is independent of S365A-IRF3 activation and type I IFN responses 87 but largely requires the CTT. To confirm this result, we quantified colocalization of LC3 88 puncta and cytosolic DNA. Primary macrophages were transfected for 6h with Cy3-89 labeled DNA and colocalization with LC3 puncta was quantified by Initially, mice were intravenously infected with HSV-1 (KOS strain). As WT and S365A tissues ( Fig. 3d and e ). Viral titers among all four genotypes were 185 similarly low in the liver, confirming the neurotropism of HSV-1 (Supp. Fig. S3a ). Given 186 that type I IFNs are essential for resistance to 47] , and that STING is required 187 for type I IFN induction to 48] , we were surprised that S365A mice were 188 not as susceptible to infection as Gt and ∆CTT mice. One possibility to explain this result In addition, Tnf and Il6 expression was also elevated only in the brains of WT mice 194 (Supp. Fig. S3c and S3d). These data indicate that S365 is critical for STING-induced 195 type I IFN and other cytokines, but surprisingly, this S365-induced response is not 196 critical for STING-dependent immunity to HSV-1. 
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HSV-1 is a neurotropic virus that is transmitted via mucosal routes (typically oral, 209 ocular, or genital) and infects epithelial cells before reaching the central nervous system 210 where it establishes latency in neurons [49, 50] . Therefore, in order to mimic a more 211 natural route of infection, we challenged mice with HSV-1 using an eye infection model 212 [41, 51] . In these experiments, we used strain 17, a more virulent HSV-1 isolate, because and all mice succumbed to infection by 6-7 days post infection ( Fig. 4a, b ). In contrast, 216 WT mice remained fully resistant and S365A mice presented an intermediate phenotype, 217 with initial weight loss but later recovery and ~50% survival ( Fig. 4a, b ). Similar to 218 systemic infection, the susceptibility of the mice correlated with viral burdens: WT and 219 S365A exhibited lower viral titers in the eye wash (Supp. Fig. S4a ), whole brain, brain 220 stem and spinal cord as compared to Gt and ∆CTT mice ( Fig. 4c-e ). Once again, we 221 found that Ifnb and viperin expression was elevated in WT but not in Gt, S365A or ∆CTT 222 brain stems ( Fig. 4f and Supp. Tbk1 -/mice die as embryos, but this lethality is reversed on a Tnfr1 -/background. We 251 therefore analyzed Tnfr1 -/mice compared to Tbk1 -/-Tnfr1 -/double deficient mice.
252
Tbk1 -/-Tnfr1 -/mice lost weight and succumbed to HSV-1 infection at the same rate as 253 Gt and ∆CTT mice, whereas Tnfr1 -/mice were as resistant to HSV-1 as WT mice (Fig. 254 5a and b). By contrast, Irf3 -/mice presented an intermediate phenotype similar to that of 255 S365A mice. Viral loads in brain stems and total brain correlated with the disease 256 severity ( Fig. 5c and Supp. Fig. S6a ) and Ifnb expression in the brain stems was increased 257 only in WT mice ( Fig. 5d ). Ifnb expression was also reproducibly decreased in Tnfr1 -/-258 mice in vivo (but not in vitro Supp. Fig. S6b ) for reasons that are currently unclear. 259 Nevertheless, these results suggest that S365A is critical for STING-induced IRF3 260 activation and Ifnb expression, but neither S365 nor IRF3 are essential for restriction of 261 HSV-1 replication in vivo, whereas the STING CTT and TBK1 are essential. 
STING ∆CTT mice. STING S365A mice failed to induce type I IFNs in response to 282 HSV-1. We therefore propose that an interferon-independent function of STING is 283 critical during HSV-1 infection in vivo. IRF3 is activated downstream of STING via 284 recruitment to phospho-S365, and IRF3 is required for type I IFN induction by STING. 285 Interestingly, we also found that Irf3 -/mice are relatively resistant to HSV-1 infection. 286 By contrast, Gt, STING ∆CTT and Tbk1 -/-Tnfr1 -/mice are fully susceptible to HSV-1. 287 TBK1 recruitment and activation by STING requires the CTT but is independent of S365. 288 Thus, we propose that the interferon-and IRF3-independent function of STING that 289 protects against HSV-1 is initiated upon TBK1 recruitment by the STING CTT.
290
Although the exact mechanism that mediates protection to HSV-1 downstream of 291 the STING CTT and TBK1 remains to be elucidated, we propose that a strong candidate 292 is autophagy or an autophagy-like process. Indeed, we found that STING S365A is still 293 able to induce the autophagy-like formation of LC3 puncta (Fig. 1d-f Type I IFNs are essential for control of 43, [46] [47] [48] , a result we have 304 confirmed (Supp. Fig. S6c-d) . Thus, our results suggest only that STING-induced IFN, as 305 opposed to all sources of type I IFN, is dispensable for resistance to HSV-1. Although we 306 observe that most type I IFN induction during HSV-1 requires STING (Fig. 4f-i 
